Introduction
In this review, the impact of the resident micro¯ora on human gastrointestinal health and disease is addressed. Attention is paid to current understanding of the role of key members of the micro¯ora in gastrointestinal disorders and infections. Similarly, the ameliorating effect of what are seen as bene®cial micro-organisms in the maintenance of gastrointestinal health is assessed. The impact of modern microbiological and molecular biological methodologies on improving our understanding of the gut microbial ecology is also discussed.
Microbial ecology of the human gastrointestinal tract
The human gastrointestinal tract is made up of complex consortia of micro-organisms, which colonise the length of the gut. At birth, the gastrointestinal tract is essentially germ free, with initial colonisation occurring during birth or shortly afterwards. First colonisers such as the facultative Gram-positive cocci, enterobacteria and lactobacilli soon give way to more strictly anaerobic species and, in the case of breast-fed infants, a micro¯ora dominated by bi®dobacteria (Stark & Lee, 1982; Campbell & Jones, 1996; Levy, 1998) . Upon weaning, the micro¯ora increases in diversity and, after about two years, the composition is substantially equivalent to that of adults in species diversity and population pro®le (Conway, 1995) .
The stomach is home to a relatively small number of micro-organisms, with numbers typically at 10 3 colony-forming units (CFU)/g contents (Gibson & Beaumont, 1996) . In the small intestine, bacterial numbers and diversity are limited by a fast transit time and digestive secretions such as bile acids. In the lower reaches of the small gut, the movement of gut contents slows and sizeable microbial populations are observed (about 10 6 CFU/ml). The colonic micro¯ora is extremely complex, being made up of more than 500 different species (Gibson & Beaumont, 1996) . Climax microbial populations can reach up to 10 12 CFU/g lumen contents (Conway, 1995; Gibson et al. 2000) . The micro¯ora is dominated by strict anaerobes, which ferment endogenous and exogenous substrates (Macfarlane & McBain, 1999 ). Shortchain fatty acids (SCFA), especially acetate, propionate, butyrate and lactate, contribute towards energy metabolism of the large gut mucosa and colonic cell growth, and are also metabolised systemically by host tissues such as the liver, muscle and brain. The fermentative capabilities of the colonic micro¯ora also contribute towards large bowel digestive function, acting on recalcitrant compounds of dietary origin and on host secretions, allowing recovery of nutrients otherwise lost to the host (Macfarlane & McBain, 1999) . The colonic micro¯ora is involved in bowel motility, enterohepatic cycling of primary bile acids and possibly the metabolism of cholesterol, resulting in the production of faecal neutral sterols (Rafter, 1995) . Species diversity and an array of microbial interactions lead to a high degree of homoeostasis and self-regulation in the colonic micro¯ora (Veilleux & Rowland, 1981) . Stability of the micro¯ora effectively limits the capacity of invading micro-organisms, including pathogens, to colonise the gut, giving rise to what has been termed`colonisation resistance' (Hentges, 1992) .
The colonic microbiota has been linked to the aetiology of certain disorders such as in¯ammatory bowel disease, gastroenteritis and colon cancer (Gibson & Macfarlane, 1994; Chadwick & Anderson, 1995) . Pre-carcinogenic compounds and xenobiotics ingested in food are acted upon by enzyme activities of the colonic micro¯ora (Rowland, 1995) . Such reactions may result in the production of carcinogens or their detoxi®cation. Similarly, H 2 S produced by sulfate-reducing bacteria in the human gut is highly toxic and may also onset ulcerative colitis (Gibson & Beaumont, 1996) . Conversely, SCFA produced by intestinal bacteria are thought to guard against colon cancer (Rowland, 1995) . The intestinal immune system, in a healthy subject, exists in a state of homoeostasis with the micro¯ora. This may re¯ect the bene®cial role of the gut micro¯ora and the evolution of indigenous' micro-organisms alongside their human host (Conway, 1995) .
The resident micro¯ora and gastrointestinal disease

Irritable bowel syndrome
Irritable bowel syndrome (IBS) affects up to 20 % of the general population and is a huge concern for the medical profession. It has no diagnostic markers but symptoms include excessive¯atus, bloating and variable bowel habit (Parker et al. 1995) . The aetiology of IBS is unknown although it has been suggested that the gut micro¯ora have a role in development. A study carried out by Balsari et al. (1982) examined the microbiological pro®le of stool samples from twenty patients with IBS and twenty control subjects. Coliforms, lactobacilli and bi®dobacteria were all decreased in IBS patients. King et al. (1998) carried out a crossover controlled study of control and IBS subjects which involved switching between a standard diet (Western European type diet) and an exclusion diet (where dairy products were replaced with soya products and cereals other than rice were eliminated) while gas production was measured. It was found that colonic production of gas, particularly of hydrogen, was greater in subjects with IBS, indicating gut dysfunction.
A further group of IBS patients, who received repeated antibiotic therapy, responded well to a treatment designed to lower the intestinal load of yeast (King et al. 1998) since Candida albicans has also been implicated as a possible agent in pathogenesis. In this context, our (unpublished) studies have shown that antimicrobials designed to clear yeast infection during IBS or thrush, or both, can have an adverse effect on the normal gut¯ora. In particular, certain species of bene®cial lactobacilli are affected, suggesting that probiotic or prebiotic therapy (see later) should be considered to guard against this.
In¯ammatory bowel disease
In¯ammatory bowel disease (IBD) encompasses the conditions of Crohn's disease (CD), ulcerative colitis (UC) and non-speci®c colitis. Affecting up to two million people worldwide, CD and UC are chronic relapsing in¯ammatory disorders of the intestine, with the former affecting any site along the gastrointestinal tract whereas the latter is con®ned to the colon. The symptoms differ in some respects but both involve a gradual onset, disturbance in bowel habit and mucosal in¯ammation (Chadwick & Anderson, 1995) .
The gut micro¯ora has been implicated in pathogenesis of IBD. Lower numbers of Lactobacillus spp. and Bi®dobacterium spp. have been reported for patients with CD (Chadwick & Anderson, 1995) . Similarly, the faecal micro¯ora of patients with CD have higher numbers of coccoid anaerobes than are found in healthy individuals. Investigations carried out by Onderdonk et al. (1981) showed that obligate anaerobes are a necessary component for the development of experimental UC.
A number of chronic intestinal conditions respond well to a change in the patient's diet, in particular to the elimination of re®ned carbohydrates. More than 50% of patients with CD reacted positively to such diets, suggesting that microbial fermentation in the gut is a factor in the pathogenesis of the disease (Parker et al. 1995) .
Work in our laboratory is determining the role of sulfate-reducing bacteria in UC. This was driven by early results showing that most people with UC carry sulfate reducers in their stools that have the potential to generate high quantities of toxic sul®de (Gibson et al. 1991) . Colitic sulfate-reducing bacterial isolates are more stable than equivalent strains taken from thè healthy' gut, when certain physiological parameters indicative of UC are imposed on them (Gibson et al. 1991) ; these include fast transit time and low substrate availability. Our data have shown that 98% of colonocyte activity is lost when sulfate-reducing bacteria invade them. We are currently in the process of applying molecular studies to pathogenesis with a view to dietary management of the disorder.
Despite extensive studies carried out on the bacterial populations present in faeces, relatively little is known about the bacteriology of the mucosal-associated micro¯ora. It may well be that such a micro¯ora has particular functions pertaining to the host but, as yet, the metabolic and health-related signi®cance remains unknown . The mucosal micro¯ora has been implicated in IBD, owing to the high recovery rate (40 ± 50 %) of L-forms (otherwise known as cell-wall-de®cient organisms or spheroplasts) in patients with IBD compared with control subjects. These L-forms are resistant to host defences, probably because they lack cell wall antigens, facilitating intracellular survival. Such organisms have been found in the eyes of patients with UC and CD with idiopathic uveitis, suggesting that similar infections of the gut may be responsible for intestinal disease (Chadwick & Anderson, 1995) . Since no speci®c aetiological agent has been isolated, it might well be that the cause of the disease is, indeed, a mucosa-associated organism as these are inherently dif®cult to culture.
Colon cancer
The aetiology of colorectal cancer is thought to be bacterial, since germ-free animals have much lower rates of incidence of colon cancer (Rumney et al. 1993) . The metabolic end products of certain colonic bacteria have been described as carcinogenic or genotoxic: such products include nitrosamines, fecapentaenes, secondary bile acids, heterocyclic amines, various aglycones, phenolic/indolic compounds, nitrated polycyclic aromatic hydrocarbons, diacylglycerol, some azo compounds and ammonia. Such potentially carcinogenic compounds are often derived from colonic fermentation of amino acids or peptides or by the activities of selected microbial enzymes on pre-carcinogens and xenobiotic compounds that may be ingested in the diet (Goldin, 1986) . Table 1 lists bacterial enzymes that generate toxic, genotoxic or carcinogenic products from dietary substrates.
Generally, lactobacilli and bi®dobacteria have low (if any) levels of carcinogenic enzyme activity compared with other anaerobic species such as bacteroides, eubacteria and clostridia (Vanderhoof & Young, 1998) . For example, Clostridium perfringens is responsible for the conversion of primary to secondary bile acids in the colon, through the action of 7-a-dehydroxylase. The proportion of bacterial strains that possess 7-a-dehydroxylase activity is higher among the micro¯ora of consumers of a Western-type diet (Watanabe & Koessel, 1993) . Dietary intake studies demonstrate a correlation between high faecal concentrations of secondary bile acids and dietary intake of fat among North Americans and western Europeans (Goldin, 1986) . Enzymes such as b-glucuronidase, azoreductase and nitroreductase can be inhibited by a lowering of colonic pH. This may be achieved through fermentation by gut bacteria (Rowland & Tanaka, 1993) . However, care must be taken when describing the metabolic activities or capabilities of groups of micro-organisms, since a high degree of phenotypic heterogeneity exists between different species within the same genera. For example, the probiotic strain of L. rhamnosus possesses azoreductase activity in vitro (Hartemink et al. 2000) , whereas other strains have been shown to reduce azoreductase activities in vivo in animal models (Rowland, 1992) . Bacterial b-glucuronidase and b-glycosidase appear to have an important role in the production of carcinogens. Many dietary compounds that occur in plants are not carcinogenic. However, bacterial b-glycosidase has a wide substrate speci®city and the ability to hydrolyse many different glycosides with the production of aglycone compounds, which in most cases are carcinogenic (Goldin, 1986) . For example, azoxymethane and cycasin are both inactive in their glycone form but become carcinogenic after the action of bacterial b-glucosidase. Toxic substances are detoxi®ed in the liver by glucuronide formation and subsequently enter the gut in bile; deconjugation in the colon through bacterial b-glucuronidase activity regenerates the carcinogen (Goldin, 1986) . However, in some cases, the action of bacterial glycoside hydrolysis may be bene®cial: for example, the iso¯avones genistein and daidzein are present predominantly in soyabean and soya food products in the glycone form but demonstrate far greater oestrogenic activity in the aglycone form (Miksicek, 1995) . Therefore, it is reasonable to assume that the extent of bacterial glycoside hydrolysis of genistein and daidzein will in¯uence the potential for bene®cial physiological effects of iso¯avones (Setchell, 1998) . Our current research is utilising a molecular approach to speciate the speci®c gut bacteria involved.
Gastroenteritis
Gastroenteritis results from the ingestion of foods contaminated with pathogenic microorganisms or their toxins, or both (Zottola & Smith, 1990) . Typical causative agents include shigellae, salmonellae, Yersinia enterocolitica, Campylobacter jejuni, Escherichia coli, Vibrio cholerae and Clostridium perfringens (Isolauri et al. 1999a,b) . Pathogens either may colonise and grow within the gastrointestinal tract and then invade host tissue, or may secrete exotoxins contaminating food prior to its ingestion (Zottola & Smith, 1990) . Such enterotoxins disrupt function of the intestinal mucosa, causing nausea, vomiting and diarrhoea (Prescott et al. 1996) . The principal human intestinal bacterial pathogens can be characterised according to the virulence factors that enable them to overcome host defences ( Table 2) .
The gut micro¯ora itself acts as a barrier against invasion by potential pathogens (Isolauri et al. 1999a,b) . Bi®dobacteria are known to inhibit the growth of various pathogens in vitro. This phenomenon which is due to several mechanisms, can be dubbed the`Bi®dobacterium barrier'. The production of SCFA results in a hostile environment for pathogens such as E. coli, Campylobacter and Salmonella spp. Bi®dobacteria also produce antimicrobial agents active against Gram-negative and Gram-positive pathogens (Gibson & Wang, 1994) . In addition, bi®dobacteria are able to bind to various cell-surface glycolipids, occupying potential receptor sites for pathogens and it has been reported that they are also able to produce anti-adhesive glycans and proteins, inhibiting the binding of pathogens to their cellular receptors (Umesaki, 1989; Fujiwara et al. 1997) .
Neonatal necrotising enterocolitis
Neonatal necrotising enterocolitis (NEC) is a world-wide problem probably accounting for at least 10% of all deaths among infants of very low birth weight; 90 % of NEC patients are premature infants in neonatal intensive care units. Intestinal mucosal injury, bacterial coloni- sation, rapid increase in the gas volume of gastric aspirate and formula feeding are thought to be factors in the development of NEC (Butel et al. 1998 ). Hence, it is rare in infants whose diet includes breast milk, being six to ten times more common in exclusively formula-fed infants (Dai & Walker, 1998) . The pathogenesis of disease implies delayed gut colonisation with a limited number of bacterial species, which tend to be virulent (Dai & Walker, 1998) . Although colonisation with potential pathogens appears to be a prerequisite for development of NEC, no speci®c bacteria have been associated with the condition (Peter et al. 1999) . Animal models of NEC have implicated Clostridium spp. Studies carried out by Butel et al. (1998) examined the possible role of C. butyricum as the pathological agent of NEC. Germ-free quails were used as experimental models and were fed on a semi-synthetic diet containing 8 % lactose. NEC-like lesions were observed in quails associated with C. butyricum and in quails associated with the faecal micro¯ora, taken from a NEC patient, containing three different clostridia (C. butyricum, C. perfringens and C. dif®cile). Conversely, no lesions were found in germ-free quails associated with Bi®dobacterium infantis-longum or in quails associated with the faecal micro¯ora, containing bi®dobacteria and no clostridia, taken from the healthy neonate twin of the NEC patient. Further studies have shown that bi®dobacteria may have a protective role against NEC, to the extent that inoculation of premature babies with B. breve stabilized the gut micro¯ora, increased weight gain in infants of very low birth weight and resulted in a reduction in gastric aspirated air volume (Kitajima et al. 1997) .
However, no clear link has been made between speci®c bacterial groups or species and the aetiology of NEC. This may be due to the treatment of patients with antibiotics or to some role of non-culturable bacteria in the onset or maintenance of NEC. Clearly, there is a need to characterise both the culturable and non-culturable moieties of the NEC gut micro¯ora.
Pseudomembranous colitis
One of the few gastrointestinal disorders that has a clearly de®ned aetiology is pseudomembranous colitis. Also recognised as antibiotic-associated colitis, it is almost exclusively found in association with exposure to antimicrobials such as clindamycin, ampicillin and cephalosporins (Gibson & Macfarlane, 1994) . The causative agent is Clostridium dif®cile, which is usually suppressed by the normal gut¯ora. However, antibiotic use compromises this`barrier effect', thereby allowing proliferation of C. dif®cile and its elaboration of two powerful toxins. These cause the accumulation of a pseudomembrane composed of ®brin and mucin. In the severest of cases, this has the ability to occlude the gut lumen, thus causing dysfunction. The condition is treated with anionic resins (to bind the toxins) and vancomycin (to inhibit C. dif®cile).
Pneumatosis cystoides intestinalis
Gas is an important end product of gut microbial activities, with a typical adult producing in the region of 4 l/d. Mainly, this is composed of H 2 , CO 2 and CH 4 . H 2 is of physiological relevance as it acts as an`electron sink', thereby generating extra energy from colonic fermentation. Predictions of the amount of H 2 that should theoretically be formed from anaerobic carbohydrate metabolism in the gut vastly exceed the levels actually produced (Levitt et al. 1995) . This is because other micro-organisms become involved in the uptake of hydrogen. Principally, these are sulfate-reducing, methanogenic and acetogenic bacteria, respectively producing H 2 S, CH 4 and acetate (Gibson, 1990; Levitt et al. 1995) . In the condition pneumatosis cystoides intestinalis, there appears to be a defect in the micro-organisms responsible for H 2 disposal, with sufferers producing ®ve to ten times more gas (mainly H 2 ) than is usual (Christl et al. 1993) . It is unclear why persons with pneumatosis cystoides intestinalis are lacking sulfate reducers, methanogens or acetogens; attempts to implant these species have, hitherto, been unsuccessful.
Dietary augmentation of microbial health bene®ts: probiotics, prebiotics, synbiotics
Recognition of the bene®cial aspects of speci®c commensal micro-organisms has encouraged modulation of the human gut microbiota towards a more bene®cial composition and metabolism, through probiotics, prebiotics and synbiotics (Fuller & Gibson, 1997; Gibson et al. 2000) . The concept of gut modulation for improved host health has a history dating back at least to the beginning of the twentieth century, but it is only recently that sound scienti®c rationales have been proposed and investigated. Three strategies have emerged: these are (1) the improvement of the gut micro¯ora through addition of exogenous micro-organisms (i.e. probiotics); (2) selective advancement of the growth and activity of bene®cial species indigenous to the host gastrointestinal tract (i.e. prebiotics); (3) synbiotics, which are combinations of both (Gibson & Roberfroid, 1995) .
Probiotics
Probiotics are live microbial food supplements which have a bene®cial effect on the intestinal balance of the host animal (Fuller, 1989) . Much recent effort has concentrated on identifying probiotic bacteria and characterising their bene®cial credentials. It is generally considered that probiotics must possess certain properties; they must survive passage through the upper regions of the gastrointestinal tract and persist in the colon; there must be no adverse response to the bacteria, their components or metabolic end products; they should be antagonistic to mutagenic or pathogenic organisms in the gut and must be genetically stable; for successful introduction of the probiotic concept into the food market, chosen micro-organisms must be amenable to industrial processes and remain viable in the ®nal food product (Ziemer & Gibson, 1998; . Advances in the genetics of probiotic strains (usually Lactobacillus spp. or yeasts) have enabled the determination of some of the mechanisms involved in probiotic function, such as production of antimicrobials, adhesion to the mucosa and the metabolic pathways responsible for SCFA production. This raises the possibility of modifying existing strains to increase survival and ef®cacy in the human gastrointestinal tract. However, there is a lack of understanding concerning which of these probiotic mechanisms are responsible for speci®c health outcomes in vivo.
The health bene®ts associated with probiotic ingestion are listed in Table 3 . Care must be taken when considering many of the suggested health-promoting capabilities, since much of the supportive scienti®c data have been generated from studies in vitro or small-scale human volunteer trials (Ziemer & Gibson, 1998) . There is a clear need not only for large-scale human volunteer studies to support such claims but also for fundamental research into the mechanisms by which probiotics affect human health. In this respect, the correlation of probiotic activities, such as anti-pathogenicity, with speci®c health outcomes in vivo will allow rational choice of probiotic strain and targeting of subpopulations at particular risk of gastrointestinal complaints (e.g. the aged). Thus, directed probiotic application may be achieved, enabling speci®c health claims to be investigated in clearly de®ned clinical trials.
Probiotics and the immune system Some of the most convincing research on the ef®cacy of probiotics comes from the area of food intolerance and allergy: this includes in particular, intolerance to cows' milk protein and lactose and the ability of probiotics to aid digestion of these components (Sanders, 1993) . Members of the gut microbiota, occupying a juxtamucosal niche in the intestine, have been shown to modulate speci®c immune responses in gut-associated lymphoid tissue. Sudo et al. (1997) demonstrated that the gut micro¯ora contributes towards generation of T-helper cells which induce oral tolerance, and this has led to the possibility of using probiotic strains as therapeutic agents in hypersensitive disorders. Lactobacilli and bi®dobacteria have a natural association with the gut mucosa and are able to promote normalisation of the increased intestinal permeability that occurs during exposure to food allergens (Isolauri et al. 1999a ). In addition, probiotic strains are capable of reducing the production of interleukin (IL)-4 during casein fermentation, excess production of IL-4 being one of the key features of atopic patients and responsible for initial sensitisation (Su Ètas et al. 1996) . Human studies have recently been conducted on the ability of probiotics to prevent development of an immunological memory capable of producing an abnormal response to cows' milk at an early age (Majamaa & Isolauri, 1997) . In a randomised double-blind study in infants with early-onset atopic eczema and sensitisation to basic foods, hydrolysed whey formula forti®ed with Lactobacillus GG (5 6 10 8 CFU/g formula) was consumed by the treatment group (n 13) for 1 month. A signi®cant decrease in faecal a 1 -antitrypsin (P 0Á03) and tumour necrosis factor-a (P 0Á003) compared with the control group was observed. As a 1 -antitrypsin and tumour necrosis factor-a are both markers for intestinal in¯ammation, these results suggest that probiotics not only promote endogenous barrier mechanisms but also are able to alleviate intestinal in¯ammation often seen in food allergy. Table 4 outlines how probiotics are able to modulate allergic in¯ammation. Probiotics and antitumour properties Lyophilised cultures of probiotic strains, Bi®dobacterium longum in particular, have been shown to suppress the development of aberrant crypt foci (ACF) in rats given azoxymethane-induced colon cancer (Rafter, 1995; Reddy, 1998) . However, most animal studies have been carried out with speci®cally bred strains of rodents and the question of whether these results can be extrapolated to humans is still unclear. Of the human feeding studies that have been carried out, treatment groups tend to be small (n`30) and of short duration. Although these studies do show a reduction in faecal enzymes that may be associated with the formation of carcinogens, it is still unclear whether these would affect long-term cancer rates. Reports published to date are not consistent in ®nding reductions in the same enzymes (Goldin & Gorbach, 1984; Lidbeck et al. 1992; Hayatsu & Hayatsu, 1993) .
Probiotics and diarrhoea Ingestion of probiotic strains as prophylactic agents against diarrhoea is based on the ecological principle of competitive exclusion. Effectiveness depends on the strain of bacteria, its suitability to an individual and the ability to displace pathogens (O'Sullivan & Kullen, 1998) . Such probiotics have potential for the prevention and treatment of gastrointestinal infections, one speci®c example being the application of Bi®dobacterium bi®dum and Streptococcus thermophilus in the case of infant viral diarrhoea (Saavedra et al. 1994) . The authors conducted a double-blind, placebo-controlled trial in hospitalised infants who were randomised to receive a standard infant formula or the same supplemented with a probiotic. Over a 17-month follow-up, 31 % of the patients given the standard infant formula developed diarrhoea, compared with only 7 % of those receiving the probiotic supplement; the prevalence of rotavirus shedding was signi®cantly lower in those receiving the probiotic. Preparations of prophylaxis for traveller's diarrhoea have been studied using Lactobacillus acidophilus, Bi®dobacterium bi®dum, Lactobacillus bulgaricus and Streptococcus thermophilus, but the results have been con¯icting. This may be due to variability in species and delivery vehicle used, the dosage, and differences in travel destinations. However, there is evidence that certain strains of lactic acid bacteria provide protection against traveller's diarrhoea. Future studies need to provide dose ± response data and details on the aetiological agents causing diarrhoea in different destinations. A recent review (Buddington & Weiher, 1999) has suggested the use of probiotics in combination with oral rehydration therapy and antibiotics, to prevent antibiotic-associated diarrhoea. The depletion of¯uids and electrolytes caused by diarrhoea is replenished by oral electrolyte solutions, but these do not address disturbances to the structure and functions of the gastrointestinal tract or to the resident micro¯ora. Although recovery by the gut micro¯ora occurs over time, species with shorter generation times recover more quickly. Such changes in the colonic environment may lead to the proliferation of potential pathogens such as Clostridium dif®cile (Wilson, 1993) . This area of research offers potential bene®ts, particularly in infants and the elderly who are at greater risk of complications from diarrhoea (Buddington & Weiher, 1999) .
Scienti®c approach to establishing the functional bene®ts of probiotic bacteria Despite much research into the health bene®ts of probiotics, progress has been hampered by a variety of factors. Individual studies provide insight into a speci®c probiotic strain; however, as bacteria have a very heterogeneous nature and differ according to genera, species and strain, it is dif-®cult to make general conclusions about probiotics as a whole. In addition, the variety of health bene®ts of probiotics means that, at present, a diversity of end points is being studied in clinical trials. It is, therefore, problematic to reach a scienti®c consensus on the effect of probiotics on health outcome (Sanders, 1998) ; in each area of potential health bene®ts there is a need for current research to focus on well-controlled human trials.
Limitations of the probiotic approach The major limitations of the probiotic approach are survivability in storage and suppression in the gastrointestinal tract. Because of the climax microbial ecosystem present in the human colon, for a particular bacterial species to have any major effect on the ecology of the colon it must be present in numbers at least as high as 7± 8 log 10 CFU/ml lumen contents (Ducluzeau & Bensaada, 1982) . Similarly, repeated dosing is needed to maintain biologically signi®cant numbers of probiotics (Korpela & Saxelin, 1999) . Clearly, a distinction must be drawn between strains that attain high stable populations in the gut micro¯ora through daily oral dosing and indigenous members of the microbiota. Kullen et al. (1997) found that, when daily ingestion of a probiotic preparation containing a Bi®dobacterium spp. strain ceased, the strain was detectable in faeces for only up to 8d (using RFLP analysis of 16S rDNA). Such observations on colonisation resistance imposed by the gut micro¯ora on ingested micro-organisms (probiotic and pathogen alike) have led scienti®c investigations into maximising persistence of probiotics in the human colon. Construction (by genetic engineering) or selection of probiotic strains with adhesion sites to the human colonic epithelium is one way of increasing in vivo survivability. However, little is known about which strains adhere to the human colonic epithelium, as bacterial adhesion has not been demonstrated in situ. Similarly, there is much concern over the prospects of probiotic strains genetically modi®ed to contain adhesion sites for the epithelium of the gut mucosa, as such genes may ®nd their way into pathogenic or potentially pathogenic members of their gut micro¯ora in vivo.
Prebiotics
Prebiotics are non-viable food components (usually oligosaccharides) which evade digestion by mammalian enzymes in the upper regions of the gastrointestinal tract, reach the colon in an intact state and are hydrolysed by bene®cial members of the indigenous microbiota (Gibson & Roberfroid, 1995) . Selective fermentation of prebiotics by such micro-organisms must result in a healthier composition of the gut micro¯ora and induce lumenal or systemic effects, bene®cial to the host (Gibson & Roberfroid, 1995; Gibson & McCartney, 1998) . The ideal and most effective prebiotic would also be able to reduce or suppress numbers and activities of known pathogens. Oligosaccharides that have been proposed as prebiotics include lactulose, galactooligosaccharides, fructo-oligosaccharides (FOS), malto-oligosaccharides, xylo-oligosaccharides and soyabean oligosaccharides. The prebiotic potential stems from their selective fermentation by Bi®dobacterium spp. and, to a lesser extent, by Lactobacillus spp. in the colonic micro¯ora. The inulin type b(2-1) fructans have been thoroughly investigated and con®rmed as prebiotics in human volunteer trials (Fooks et al. 1999) . The prebiotic effects of other oligosaccharides, such as galacto-oligosaccharides and soyabean oligosaccharides, still require further research, particularly in humans (Grizard & Barthomeuf, 1999) . There are also few comparative data on the relative ef®ciencies of these molecules or on their selectivity at a species (or even genus) level. It has been suggested that the importance of demonstrating selectivity of bi®dobacteria, lactobacilli or both is what determines the classi®cation of a prebiotic. Thus, it is insuf®cient to demonstrate metabolism of these molecules in pure culture without support by mixed culture work, preferably in human subjects . In this respect, what seems to be a limiting factor in undertaking extensive research and eventually large clinical trials is laborious microbial plate-counting techniques. Currently, studies are under way to develop this ®eld using validated quantitative techniques, such as 16 S rRNA probes, to assess the micro¯ora at the genus level (Ames et al. 1999; Gibson et al. 2000 ; K Tuohy, S Kolida, A Lustenberger and GR Gibson, unpublished results; K Tuohy, CJ Ziemer and GR Gibson, unpublished results) . At present, there is more scienti®c information to support the health bene®ts of probiotic consumption than for those of prebiotics, where clinical trials are lacking. However, this situation is rapidly being redressed.
Prebiotics and cancer The use of prebiotics in cancer prevention is still mainly at the animal trial stage (Van Loo et al. 1999) . Signi®cant reductions in colonic ACF have been observed in rodents treated with azoxymethane and given the prebiotic inulin at 50 g/kg diet (Rowland et al. 1998 ). Interestingly, a potentiating effect was seen in reduction of ACF through the addition of bi®dobacteria to the inulin (Gallaher et al. 1996) . Currently, data from research with rodents and the administration of inulin-type fructans warrant human nutrition trials. Buddington et al. (1996) indicated that consumption of FOS (4 g/d) in human subjects produced an increase in bi®dobacteria along with a decrease in b-glucuronidase and glycholic acid hydroxylase by 75% and 90 % respectively. Both of these carcinogen-producing enzymes increased after interruption of the FOS supplementation. The situation appears to be different with galacto-oligosaccharides. A recent human trial was carried out by Alles et al. (1999) . Forty subjects were divided into three groups; each participant consumed a controlled experimental diet for 3 weeks followed by an intervention of 0, 7Á5 or 15 g transgalacto-oligosaccharides for a further 3 weeks. Although the authors found a high fermentability (100 %) of the transgalacto-oligosaccharides there were no signi®cant increases in bi®dobacteria or SCFA, nor were there any signi®cant decreases in bile acids, ammonia, indoles or skatoles, or faecal pH. Lactulose is a synthetic disaccharide commonly used as a laxative; however, at sublaxative doses, lactulose is bi®dogenic (Modler, 1994 ; K Tuohy, CJ Ziemer and GR Gibson, unpublished results). Rowland et al. (1996) fed human-micro¯ora-associated (HFA) rats with lactulose at 3 % (w/v). After 4 weeks on the diet the rats were given the carcinogen 1,2dimethylhydrazine dihydrochloride (DMH, 15 mg/kg). After addition of DMH, the rats were killed and examined for cellular DNA damage through the Comet assay. The authors showed that rats given lactulose had signi®cantly (P`0Á05) less DNA damage than those given a control diet which contained just sucrose. In a human trial (Terada et al. 1992 ) eight volunteers who had been given lactulose (3 g/d) showed a decrease in enzyme activities associated with carcinogen production (e.g. b-glucuronidase, nitroreductase and azoreductase). The bi®dogenic nature of lactulose has been con®rmed using both traditional microbiological culture techniques and molecular probes for bacterial enumeration in a double-blind placebo-controlled study (K Tuohy, CJ Ziemer and GR Gibson, unpublished results) .
Research is currently under way to identify the strains of bacteria involved in the metabolism of known dietary anticarcinogens such as phytic acid, present in cereal grains, legumes and vegetables, and iso¯avones, present mainly in soyabeans. Identi®cation of the bacteria involved may allow the use of prebiotics that prevent breakdown of these dietary anticarcinogens by appropriately diverting bacterial metabolism.
Potential for functional enhancement of oligosaccharides and prebiotics The current status of prebiotics is that they alter the gut¯ora composition towards a purportedly healthier community (e.g. one dominated by bi®dobacteria). However, there are many other desirable attributes that can be encompassed into the approach of enhanced prebiotics. As the approach is to use non-viable food ingredients, the biotechnology involved is more rational than that for probiotics. Enhanced prebiotic properties may include the following aspects: (1) highly selective fermentation; (2) increased persistence through the colon; (3) anti-adhesive prebiotics; (4) attenuation of virulence of pathogens; (5) reduction of gas production.
To ensure that a prebiotic is selectively fermented only by bi®dobacteria and lactobacilli, biotechnological methods of manufacture would allow the development of highly selective molecules. The two methods for the manufacture of enhanced prebiotics are (a) synthesis of oligosaccharides from simple sugars and (b) controlled hydrolysis of polysaccharides such as starch, pectin and cellulose . Future research will need to examine the glycosidase pro®les of bene®cial species of bacteria and carbohydrate transport mechanisms operating in these species.
As the majority of colon cancers occur in the distal colon/rectum (Bingham, 1996) , a prebiotic which persists in this area is the focus of current and future research. Similarly, UC is a disease of the distal colon, at least in the early stages. Techniques are being developed to manufacture prebiotics that resist hydrolysis in the proximal colon and allow selective fermentation throughout the length of the hindgut. However, given the saccharolytic nature of the proximal colon, this may be dif®cult to achieve. Our current research, with a validated model of the human gut (see later), suggests that increased molecular weight may enhance persistence. For example, long-chain inulin may exert an extended prebiotic effect in distal colonic regions when compared with the lower molecular weight FOS. In addition, microbial fructans such as laevan have a huge molecular weight that is considerably greater than that of long-chain inulin which has a degree of polymerisation of 2 ± 60. It is reasonable to assume that such a polysaccharide would take longer to be metabolised in the colon, thereby increasing the chances of persistence towards distal areas.
A prebiotic with anti-adhesive properties against pathogenic bacteria would confer major functionality with respect to altering gut pathogenesis. Many intestinal pathogens use carbohydrate-binding proteins to attach to cells and initiate disease ( Table 5 ). The ®rst line of defence consists of receptor oligosaccharides in the mucous layer that lines exposed epithelial cells in the gastrointestinal tract (Zopf & Roth, 1996) . Knowledge of these receptor sites has relevance for biologically enhanced prebiotics. Soluble oligosaccharides may prevent bacterial attachment and dislodge bacteria attached to epithelial cells. In breast milk, several oligosaccharides have been identi®ed that protect infants from many infectious agents (Carlson, 1985) . In the past few decades, carbohydrate-binding proteins used by pathogens to recognise and adhere to cell surfaces have been described (Ofek & Doyle, 1994) . The pathogen proteinreceptor sites have strict requirements for their oligosaccharide ligands, usually consisting of three, four or ®ve monosaccharides. This speci®city is probably one of the main factors that determines not only which host species a pathogen can colonise but also the site of initial colonisation (Zopf & Roth, 1996) . Pathogen binding is the ®rst step in the infection process and oligosaccharides may act as`blocking factors', by dislodging pathogens or preventing their adhesion of attachment site on mucosal cells by steric hindrance. Prebiotics incorporating these receptor monosaccharides or oligosaccharide sequences would act as`decoy' molecules for potential pathogenic bacteria. The use of prebiotics to attenuate virulence of certain food-borne pathogens has also been a recent development in the area of prebiotics. For example, the pathogenicity of Listeria monocytogenes is repressed in the presence of the plant-derived carbohydrate cellobiose (Park & Kroll, 1993) . This micro-organism is avirulent in its natural habitat of soil, where it is exposed to rotting vegetation and therefore the cellulose oliomer cellobiose. In the human body the absence of free cellobiose may allow virulence to be expressed, opening up the possibility of appropriate food supplementation.
Fermentation of prebiotics may lead to production of excess gas, which results in¯atulence, bloating and abdominal discomfort (Grizard & Barthomeuf, 1999) . To prevent such undesirable symptoms, partial controlled hydrolysis of natural high molecular weight fermentable carbohydrates such as pectins or guar gum, or processing of inulin to produce longchain fructans (De Leenheer, 1996) , may result in less gas production as they are fermented much more slowly in the colon (Grizard & Barthomeuf, 1999) .
It is known that lactic acid bacteria ferment substrates without producing gas. Immediately, this raises the question as to why there is an increase in gas production on the administration of certain prebiotics, as these compounds are supposedly selectively fermented by non-gasproducing genera such as bi®dobacteria. This apparent anomaly serves to highlight the way that the fermentation pathways in the colon are interrelated.
Synbiotics
The synbiotic concept combines ef®cacious probiotic strains with speci®c prebiotic compounds in a single product. The aim is, therefore, to improve probiotic survival during passage through the upper intestinal tract and to produce a more ef®cient implantation in the colonic micro¯ora, together with a stimulating effect on the growth or activities (or both) of both the probiotic and certain indigenous strains (Roberfroid, 1998) .
A problem in conducting clinical trials with synbiotics is in determining which component of the synbiotic has any effect. For example, Bouhnik et al. (1996) assessed, in healthy human subjects, the effects of ingestion of Bi®dobacterium spp. in fermented milk with or without inulin (18 g/d) on faecal bi®dobacterial numbers. The authors concluded that administration of Bi®dobacterium spp. signi®cantly increased faecal bi®dobacteria but that the addition of inulin had no extra enhancing effect. However, the volunteers tested already had high counts of bi®dobacteria in their faeces at the start of the study (10 7Á7 ±10 9 CFU/g faeces) and it is likely that stimulation of growth depends very much on initial faecal counts. At 2 weeks after the consumption of the fermented milk, the volunteers who had taken the synbiotic product still had signi®cantly (P`0Á01) higher numbers of bi®dobacteria than those receiving the probiotic alone. This could be due either to a better implantation of the probiotic or simply to a prebiotic effect only on indigenous bi®dobacteria.
The synbiotic concept has been tested in rodents treated with the colonic carcinogen azoxymethane (Rowland et al. 1998) . The rodent diets were treated with either 5 % (w/v) chicory inulin, with Bi®dobacterium longum 25 (7 ± 10 8 CFU/g), or both. For the inulin and Bi®dobacterium longum diets, there was a reduction in the total number of ACF ( 7 29 % and 7 21 % respectively) and in the number of foci with one to three aberrant crypts ( 7 41% and 7 26 % respectively), but not in the number of larger foci (four or more aberrant crypts), after 12 weeks. However, in rodents treated with the synbiotic there was a decrease in total numbers of ACF by 74 %, in the number of foci with one to three aberrant crypts by 80 % and the number of large foci by 58 %. These data support the synergistic activity of prebiotic and probiotic moieties in the synbiotic approach. However, such observations need further investigation and, as with prebiotics and probiotics, synbiotics require ef®cacious human feeding trials.
It may be that the market niche for the pro-, pre-and synbiotics concept lies in augmentation of the gut micro¯ora of speci®c groups of individuals possessing an abnormal gut micro¯ora, such as the aged, pre-term infants, patients with persistent gastrointestinal complaints or those who have received prolonged antibiotic therapy (Vanderhoof & Young, 1998; . Kleessen et al. (1997) showed that the trend whereby Bi®dobacterium spp. populations in the gut micro¯ora of the elderly decrease may be reversed by consumption of inulin (a prebiotic). Similarly, early administration of B. breve to preterm infants is associated with fewer gastrointestinal abnormalities, better weight gain and stabilisation of the gut micro¯ora (Kitajima et al. 1997) .
In summary, the basic concepts of pre-and probiotics have, in recent years, become more re®ned and targeted at speci®c health outcomes. Understanding the mechanisms of action of probiotics, prebiotics and synbiotics against gastrointestinal disorders and infection has moved this area of research beyond the simple aim of improving general gastrointestinal health to a more speci®c target of action or outcome, by modulation of the gut micro¯ora.
In vitro and in vivo models of the gut
To enable us to ask speci®c questions about the human gut micro¯ora, in vitro and in vivo models of the human gut have been developed (Gibson et al. 1988; Rumney & Rowland, 1992; Conway, 1995) .
In vitro models
In vitro models generally employ anaerobic chemostats of varying degrees of complexity or short-term batch cultures of human faeces or lumen samples extracted from animals. They allow generation of data on the effect of speci®c biotic and abiotic environmental parameters on the gut micro¯ora, which may otherwise be unavailable owing to the inaccessibility of the target environment in the gastrointestinal tract or for ethical reasons.
Simple batch cultures of human faeces have been used for initial studies into fermentative capabilities of the human faecal micro¯ora against speci®c compounds such as dietary ®bre, starches and prebiotics (Wang & Gibson, 1993; Barry et al. 1995; Edwards et al. 1996) . Batch culture allows determination of the fermentability of various substrates during short periods (generally less than 24 h). However, because of decreasing substrate concentrations and increased acid and secondary metabolite production by the micro¯ora, the composition in batch cultures changes over time. The use of pH-controlled faecal batch cultures may allow more comparative observations to be made on the fermentability of different carbohydrates and can be used as a ®rst-stage screening process for comparative determination of ef®cacy and effective prebiotic doses. Continuous or semi-continuous¯ow systems, on the other hand, replicate the ecological conditions of the human gut to a much greater degree. Continuous in¯ow of growth media, and out¯ow of biomass, enable a diverse micro¯ora to be maintained in a steady state (Rumney & Rowland, 1992) . Models of the human gut of varying degrees of complexity have now been developed (Miller & Wolin, 1981; Allison et al. 1989; Bearne et al. 1990; Molly et al. 1994; Minekus & Havenaar, 1996; . Such models maintain a micro¯ora similar in many ways to that of the human gut in gross species composition and activities. validated a three-stage continuous-¯ow system of the human gut micro¯ora against the colonic contents of sudden-death victims. Species composition and population levels correlated well with the in vivo samples. Such models have been used to study a range of ecological phenomena, including fermentation studies of both dietary and endogenous substrates, DNA transfer studies between members of the micro¯ora and establishing the prebiotic ef®cacy of a range of carbohydrates (Freter et al. 1983; Gibson et al. 1988; Gibson & Wang, 1994; Michel et al. 1998; Tuohy, 2000) . Attempts have also been made to simulate certain gastrointestinal disease states using in vitro systems. For example, Coutts et al. (1987) used a single-vessel continuous-¯ow system to reproduce the gastric micro¯ora of a hypochlorhydric patient. However, care must be taken when extrapolating information gained from such studies to the human situation: complex in vitro models may not simulate animal-associated parameters, which have an important role in the microbial ecology of the gut. In this context, endogenous substrates, secretions of the digestive and immune systems and microhabitats provided by both the mucus layer covering the mucosa and the mucosa itself, are not easily reproduced in vitro.
In vivo models
Gnotobiotic and germ-free animals have been employed as in vivo models of the human gastrointestinal ecosystem for some years. Gnotobiotic technology provides a useful tool for studying interactions between speci®c members of the human gut micro¯ora, such as the role played by speci®c bacteria in colonisation resistance to pathogens, bacterial virulence, metabolism of dietary constituents or xenobiotic compounds (Rumney & Rowland, 1992) . Conventional animals may not provide information of direct relevance to the human gut ecosystem because of major differences in the composition of the microbiota between animals and humans. To circumvent such problems, germ-free animals have been associated with groups of bacteria from the human gut micro¯ora. Such HFA animals provide an essential tool in studies of gut microbiology. They re¯ect the complexity of the microbial gut ecosystem in terms of species and numbers, and reproduce some of the biotic parameters provided by the mammalian mucosa, immune system and digestive functions. HFA animals provide an experimental system, allowing studies to be carried out that may not be conducted in human volunteers for ethical reasons. The role played by the human gut micro¯ora in colon cancer has been mainly studied through experimental animals. Such studies have led to the identi®cation of microbial enzyme activities involved in carcinogen production, and the demonstration of anti-tumour effects of prebiotics and probiotics in vivo (Goldin, 1986; Rowland & Tanaka, 1993; Rafter, 1995; Gallaher et al. 1996; Rowland et al. 1996 Rowland et al. , 1998 Reddy, 1998) . Recently, HFA and gnotobiotic animals have been used to generate data on DNA transfer events between members of the human gut micro¯ora. These studies have highlighted the ability of promiscuous DNA elements (conjugative plasmids and transposons) to transfer between different species of bacteria and have also enabled some of the environmental factors governing such events to be established (Gruzza et al. 1994; Duval-I¯ah et al. 1998; Tuohy, 2000) . However, even in HFA animals generated using the faecal micro¯ora of a single individual, subtle differences can occur in the microbial pro®le of the micro¯ora. Gastrointestinal successional development, strain composition and local metabolic activities of the microbiota may differ between HFA animals and the human gut micro¯ora used as inocula. It is important to realise the limits of both in vitro and in vivo models of the human gut and, where ethically sound, to use human volunteer trials for ®nal demonstration of scienti®c principles such as the ef®cacy of a novel prebiotic.
Molecular biology techniques
To date, much of our understanding on the microbial ecology of the human gastrointestinal tract has been derived through microbiological culture. However, it is becoming increasingly apparent that there are serious limitations in the application of such techniques to complex microbial communities. Many bacteria present in the gut are fastidious, requiring very speci®c growth conditions, and are not readily amenable to microbial culture in the laboratory (Tannock, 1999) . It has been estimated that less than 50 % of species present in the gut micro¯ora have been cultured on existing microbial growth media (Langendijk et al. 1995; Wilson & Blitchington, 1996) . The phylogenetic information encoded by 16S rRNA has enabled the development of molecular biology techniques, which allow characterisation of the whole human gut microbiota (Lawson, 1999) . In the microbial ecology of the human gut, molecular techniques have found application for three main tasks: characterisation of microbial community composition; enumeration and monitoring of microbial population dynamics within communities; tracking of speci®c strains of bacteria in the gut micro¯ora. In the following sections we discuss the application of selected molecular techniques to these three main tasks in relation to the impact of gastrointestinal microbial ecology in human health and disease.
Characterisation of microbial community structure and composition
Much information has been gained from the sequencing of bacteria isolated on selective agars using anaerobic microbiological techniques. However, as described above, only a fraction of the gut micro¯ora may be cultured. Another drawback to this approach is that both traditional phenotypic and modern phylogenetic characterisation of individual bacteria are extremely labour intensive. The widespread application of modern phylogeny to studies of gut microbial ecology is dependent upon development of rapid, reliable and inclusive molecular techniques for identi®cation of both culturable and non-culturable moieties of the gut micro¯ora.
Direct community analysis PCR-rDNA whole community analysis allows the 16S rDNA diversity of environmental samples to be characterised. Total bacterial DNA is extracted directly and partial 16S rDNA genes are ampli®ed by polymerase chain reaction (PCR) employing universal bacterial primers (Suau et al. 1999 ; R Bonnet, A Suau, J Dore Â, GR Gibson and MD Collins, unpublished results) . The ampli®cation products are then puri®ed and cloned into Escherichia coli. Clones containing 16S rDNA inserts are sequenced and compared with public databases of 16S rDNA sequences. In this way, the bacteriological make-up of environmental samples can be determined in a culture-independent manner. PCR-rDNA whole community analysis, or comparative analysis of cloned 16S rRNA gene sequences, has been employed to characterise the faecal micro¯ora of an adult human volunteer (Wilson & Blitchington, 1996; Suau et al. 1999) . Wilson & Blitchington (1996) reported good agreement between the microbial diversity determined by culture techniques and direct PCR and cloning of whole community 16S rDNA. A nine-cycle PCR was shown to give increased clone diversity compared with a 35-cycle PCR. More recently, Suau et al. (1999) employed comparative analysis of cloned 16S rRNA gene sequences to characterise the bacterial diversity of the adult faecal micro¯ora. To maximise amplicon diversity, a ten-cycle PCR was used. The resultant 284 clones were grouped into eighty-two different molecular species based on a sequence homology of at least 98 %. Three phylogenetic groups dominated the clone library: the Bacteroides and Clostridium coccoides groups and the Clostridium leptum subgroup together accounted for 95% of all clones. The vast majority of 16S rDNA sequences recovered did not correspond to any previously described and thus represented novel species of bacteria.
Owing to the high numbers of species present in adult faecal samples and the inherent bias introduced by PCR, some loss of bacterial diversity may be expected. R Bonnet, A Suau, J Dore Â, GR Gibson and MD Collins (unpublished results) , have shown that the reduction of PCR cycles used in PCR-rDNA whole community analysis increases the diversity of 16S rDNA species recovered. The use of a wider range of both PCR conditions and primer speci®cities may increase the inclusivity of the approach. This powerful technique has the potential to characterise the make-up of the healthy human gut micro¯ora and also to describe that of chronic intestinal complaints, where the¯ora is thought to affect disease aetiology or maintenance but where no direct correlation with speci®c bacteria has yet been drawn.
Denaturing gradient gel electrophoresis Denaturing gradient gel electrophoresis (DGGE) allows the separation of ampli®ed DNA fragments of similar size based on the extent of sequence divergence between different PCR products (Muyzer & Smalla, 1998) . A single PCR reaction is carried out on whole community DNA and partial 16S rDNA sequences ampli®ed from the different bacterial species present. DNA fragments of different sequence have varying temperatures. Fragments of the same size may be separated on gels that melt double-stranded DNA during electrophoresis, using a temperature or chemical denaturant gradient. Guanine and cytosine (GC) clamps may be added to the PCR products to enhance separation of fragments that differ in sequence by as little as one base pair (Shef®eld et al. 1989) . Sequences separated by DGGE may be identi®ed by sequencing of fragments cut from the denaturing gradient gel or presumptively identi®ed by comparing their motility with that of known control sequences (e.g. partial 16S rDNA gene sequences from a range of gut bacteria). DGGE has the potential to determine the identity of bacterial species present in complex microbial consortia without the need for prior sequence information. Thus, it provides a powerful tool in initial characterisation of both culturable and non-culturable populations in an ecosystem. Similarly, because of the rapidity of the technique, DGGE has potential in the monitoring of bacterial pro®les within ecosystems over time, such as in the successional development and stability of the gut micro¯ora (Zoentendal et al. 1998 ). Development of the infant micro¯ora has been monitored using DGGE: pro®les showed both transient occupation and colonisation of the gut by different bacteria in an individual speci®c manner (Vaughan et al. 2000) . Moreover, Millar et al. (1996) employed DGGE of PCR-ampli®ed partial 16S rDNA genes to characterise the micro¯ora of preterm infants with and without NEC.
Problems associated with PCR-based molecular techniques Bias for speci®c nucleotide sequences may be introduced during PCR with universal primer pairs. Similarly, the ef®ciency of nucleic acid recovery from environmental samples and varying DNA denaturation conditions in different bacterial species will affect the PCR ampli®cation of diverse target sequences. This is because bacterial species present different degrees of recalcitrance to enzymic, chemical and physical disruption techniques and varying GC contents (Wintzingerode et al. 1997; Vaughan et al. 2000) . Biases introduced during PCR may be compounded when DGGE or temperature gradient gel electrophoresis are employed to characterise complex microbial samples: the more species present, the more bands to separate on a single electrophoresis gel. Species diversity may be underestimated by incomplete separation of amplicons upon D/TGGE. Similarly, bacterial species present in high numbers in samples have a better chance of being suf®ciently ampli®ed during PCR to enable clear band resolution, whereas subpopulations of bacteria may not give bands of suf®cient intensity to allow clear banding and identi®cation.
Enumeration and monitoring of microbial population dynamics within communities
Oligonucleotide probes speci®c for groups of bacteria or bacterial species may be designed using the phylogenetic information present in 16S rRNA sequence databases. Such probes have been used to enumerate bacterial populations directly in environmental samples.
Dot ±blot hybridisation Dot± blot hybridisation involves extraction of total 16S rRNA from environmental samples, binding total rRNA to a membrane and hybridising bound rRNA with labelled probes of varying speci®city. Using probes for selected groups of bacteria and universal probes designed to hybridise with 16S rRNA from all bacteria, an estimate of the contribution of selected groups of bacteria to the total 16S rRNA pool may be achieved by comparing the intensity of reporter molecules. As bacteria differ in ribosome content, depending on their metabolic activity and species, the ratio of bound group-speci®c probe to total bound probe is an estimate of bacterial numbers present and may not correlate directly with microbial numbers in situ. Dot ± blot hybridisation has been used in studies of the rumen and to monitor the important human colonic Bacteroides ± Porphyromonas± Prevotella phylogenetic group and Bi®dobacterium spp. in the faecal micro¯ora of infants (Stahl et al. 1988; Dore Â et al. 1998) . Similarly, Sghir et al. (1998) used a suite of probes to monitor the selective nature of FOS for bi®dobacteria and lactobacilli using a continuous-culture model of the human faecal micro¯ora.
Fluorescent in situ hybridisation Fluorescent in situ hybridisation (FISH) employing oligonucleotide probes targeting 16S rRNA allows the enumeration of whole bacterial cells in situ in gastrointestinal and faecal samples Zoentendal et al. 1998; .
Genotypic probes targeting the predominant components of the gut micro¯ora are tagged with¯uorescent markers such that quanti®able changes in faecal/intestinal bacterial populations may be determined using¯uorescence microscopy. FISH is a truly quantitative technique as it enumerates intact bacterial cells directly without extraction or ampli®cation of nucleotide sequences. The major advantage of FISH is that bacterial populations may be enumerated in a culture-independent manner in environmental samples. Similarly, the technique allows visualisation of target bacterial cells in situ, for example in mucosal sections ®xed in wax. A range of phylogenetic probes have been designed and validated for use in FISH, targeting groups of bacteria important in human health and disease, including Bi®dobacterium spp. (Langendijk et al. 1995) , Bacteroides spp. (Manz et al. 1996) , Clostridium spp. (Franks et al. 1998 ) and the Lactobacillus/Enterococcus phylogenetic group (Harmsen et al. 2000) . The use of FISH to enumerate such bacterial groups in the human faecal micro¯ora has been validated against traditional microbiological culture techniques (Harmsen et al. 2000) .
FISH is now ®nding application in the applied aspects of gastrointestinal microbial ecology. For example, Ames et al. (1999) used FISH to enumerate the dominant groups of the human gut micro¯ora during in vitro batch-culture studies on the fermentability of melanoidins. Similarly, the prebiotic capabilities of lactulose powder and a ®nal food product (biscuit) containing FOS and partially hydrolysed guar gum has been demonstrated in a double-blind placebo-controlled human feeding study using FISH for the bacteriology (K Tuohy, S Kolida, A Lustenberger and GR Gibson, unpublished results; K Tuohy, CJ Ziemer and GR Gibson, unpublished results) . Such studies show the utility of the culture-independent FISH technique in monitoring changes in bacterial populations upon dietary supplementation. Microbial populations may be monitored in situ, providing information of direct relevance to the ecosystem under study. Previous studies characterising the prebiotic capabilities of oligosaccharides have relied upon traditional microbiological culture techniques. Such methodologies, as already discussed, may lead to inconsistencies due to the non-selectivity of so-called selective growth media. FISH, on the other hand, allows enumeration of speci®c groups of phylogenetically related bacteria. The technique has allowed direct visualisation of the group-speci®c augmentation of bi®dobacterial numbers in human volunteers upon ingestion of lactulose at 10 g/d for 26 days (K Tuohy, S Kolida, A Lustenberger and GR Gibson, unpublished results) . Similarly, speci®c stimulation of bi®dobacterial population levels in volunteers consuming biscuits containing FOS and partially hydrolysed guar gum has been shown, con®rming that FOS retains prebiotic ef®cacy on processing into a commercial biscuit product (K Tuohy, S Kolida, A Lustenberger and GR Gibson, unpublished results; K Tuohy, CJ Ziemer and GR Gibson, unpublished results).
Tracking of speci®c strains of bacteria in complex communities
A major problem in determining the ef®cacy of probiotics is in demonstrating the survivability of probiotic strains in vivo in the human gut. It is often dif®cult to differentiate ingested probiotics from bacteria of the same (or closely related) species that may be present in the microbiota. DNA ®ngerprinting techniques, which take advantage of natural polymorphism in closely related genomic DNA or ampli®ed 16S rRNA genes, have been applied to differentiate between ingested probiotic strains and members of the gut micro¯ora (Kullen et al. 1997) : DNA polymorphism became apparent upon digestion with restriction enzymes and resolution of resultant restriction fragments on electrophoresis gels. An array of DNA ®ngerprinting techniques (Vaneechoutte, 1996) , employing both genomic and 16S rRNA, and DNA restriction fragment length polymorphism have been developed, e.g. pulsed-®eld electrophoresis, ribotyping, ampli®ed ribosomal DNA restriction analysis and ampli®ed fragment length polymorphism (McCartney & Tannock, 1995; McCartney et al. 1996; O'Sullivan & Kullen, 1998; Kullen & Klaemhanner, 1999; Sharp & Ziemer, 2000) . Such techniques, capable of differentiation between closely related species to the species level and, in some cases, between strains of the same species, offer invaluable tools in tracking micro-organisms in the gut micro¯ora. These approaches are being employed not only in probiotic feeding trials but also in fundamental studies examining the make-up of phylogenetic groups present in the gut microbiota.
Characterisation of the species composition of bi®dobacteria and lactobacilli within the human gut will greatly in¯uence understanding of the microbial ecology of these important groups of bacteria and allow health-promoting attributes of speci®c probiotic strains to be determined in an individual host-speci®c manner. Diagnostically powerful ®ngerprinting techniques are also being applied to epidemiological studies of pathogenic strains of bacteria. Gautom (1997) described a rapid method for identi®cation of E. coli O157:H7 isolates based on pulsed-®eld electrophoresis. Development of such rapid protocols for existing DNA ®ngerprinting techniques will allow their routine use in medical microbiology.
Future developments
Molecular biology techniques are now revolutionising studies in gut microbial ecology. For the ®rst time, information on the species diversity and population pro®les encompassing the vast majority of species present in ecological consortia may be obtained outside the constraints of microbiological culture techniques. Recent innovations, such as¯uorescent marker systems (e.g. luciferase (lux) and green¯uorescent protein (gfp)), FISH and in situ PCR (i.e. PCR of single-copy genes within bacterial cells), may allow characterisation of the biological activity of speci®c bacterial species in situ in environmental samples (Hodson et al. 1995; Tani et al. 1998; Drouault et al. 1999; Scott et al. 2000) . A range of different reporter molecules are now commercially available. In the near future, studies combining FISH and in situ PCR may allow not only determination of species diversity and bacterial enumeration but allow visualisation of the activity of single-copy genes in bacterial cells in situ in environmental samples (Hodson et al. 1995; Tani et al. 1998) . Such studies would be facilitated by the application of automated systems such as differential cell counting using¯ow cytometry (Wallner et al. 1995; Rice et al. 1997) . Similarly, oligonucleotide microchips targeting 16S rRNA or mRNA will allow an invaluable insight into the activities of the speci®c bacteria in complex microbial consortia (Guschin et al. 1997; Vaughan et al. 2000) . Such techniques are being applied to the microbial ecology of the human gut and will hugely increase our understanding of the role played by the gut micro¯ora in human health and disease. As such, dietary intervention will be placed on both a scienti®cally sound and a technologically advanced footing.
